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Background. Theliver hasan enormouscapacity toregenerate itself.Theaim ofthisstudywas toevaluate whether theregeneration
is due to hypertrophy or hyperplasia of the remnant liver after extended resection and whether a portosystemic shunt is beneﬁcial.
Material and methods. An extended left hemihepatectomy was performed in 25 pigs, and in 14 after performing a portosystemic
shunt. During follow up, liver regeneration was estimated by macroscopic markers such as liver volume and size of the portal ﬁelds
[mm2] as well as the amount of hepatocytes per portal ﬁeld and the amount of hepatocytes per mm2. Results. Regardless of the
operation procedure, the volume of the remnant liver increased about 2.5 fold at the end of the ﬁrst week after resection. The size
of the portal ﬁelds increased signiﬁcantly as well as the number of hepatocytes in the portal ﬁelds. Interestingly, the number of
hepatocytes per mm2 remained the same. Conclusion. After extended resection, liver regeneration was achieved by an extensive
and signiﬁcant hyperplasia of hepatocytes within the preexisting portal ﬁelds and not by de novo synthesis of new portal ﬁelds.
However,therewasnodiﬀerenceinliverregenerationregardingtheoperationprocedureperformedwithorwithoutportosystemic
shunt.
Copyright © 2009 Ruth Ladurner et al.ThisisanopenaccessarticledistributedundertheCreativeCommonsAttributionLicense,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1.Introduction
The liver has a remarkable regenerative capability and is able
to restore to its original weight and size after resection of
approximately80%.Thisregenerativecapacityisadetermin-
ing factor in modern liver surgery, such as in the case of por-
tal vein embolisation of the tumor-bearing segment in order
to augment the remnant liver if small in size [1]. The major
concern here is the size of the remaining liver mass. A small-
sized remnant liver is likely to be functionally inadequate
and susceptible to poor regeneration, hepatic insuﬃciency,
and ﬁnally liver failure. Therefore, improved knowledge on
howtoestimatethecapacityofliverregenerationisofcritical
importance for extended liver surgery.
Knowledge on the proliferative capacity of hepatocytes
and the mechanisms involved in liver regeneration has
evolved very rapidly during the last few years. In great
part, but not exclusively, these advances are based on
the development of genetically-engineered mice in which
speciﬁc genes are inserted or deactivated. However, the
mechanism determining liver regeneration is not as yet
completely understood.
Scant data are presented in literature on large animal
models from the functional and morphological site of liver
regeneration. It is so far unknown whether the underlying
cellular mechanism of liver regeneration is due to hypertro-
phy or hyperplasia of the portal ﬁelds.
The present study was therefore designed for a pig model
in order to explore whether liver regeneration is due to
hypertrophy or to hyperplasia of the remnant liver tissue
after extended hepatic resection and whether regeneration is
more eﬀe c t i v ew i t hp o r t o s y s t e m i cs h u n t ,w h i c hi ss u p p o s e d
to attenuate portal hyperperfusion after liver surgery.
We investigated liver regeneration in close weekly inter-
vals by correlating the size of the portal ﬁelds, the number of
hepatocytes per portal ﬁeld, and the number of hepatocytes
per mm2 by time using light microscopy and computed
analyzing software.2 HPB Surgery
2.MaterialsandMethods
2.1. Animals. An extended left hemihepatectomy (approx-
imately 75% of liver volume), was performed in healthy
female, German landrace pigs, 6–8 weeks old and weighing
25–35kg. For blood and vessel procurement (infrarenal
aorta), performed to create a portosystemic H shunt in
pigs undergoing liver resection, male sibling pigs were used
as donors. The project and study design were approved
by the Austrian Federal Animal Investigation Committee,
and animals were treated in accordance with the National
Institutes of Health guidelines.
2.2. Experimental Procedure. Animals were divided into two
groups. The control group (n = 11 pigs) underwent only
an extended left hemihepatectomy (approximately 75% of
liver volume). The shunt group (n = 14 pigs) received a
side-to-side portosystemic H-shunt as an interposition graft
(7 × 8mm aortic allograft, diameter 7-8mm, 6 running
suture after partial clamping of the portal and infrahepatic
caval veins) between the portal vein and infrahepatic vena
cava before extended liver resection.
After surgery, the animals were weaned from anaesthesia
and extubated. Peripheral venous catheters were left in place
for additional ﬂuid resuscitation during the ﬁrst days after
surgery. Pigs resumed oral feeding ad libitum after recovery.
Low-doseheparin(2mg/kg/d)wasadministeredintheshunt
group. The animals were observed regularly under sedation
withketamine (5–10mg/kg intramuscularly).Doppler ultra-
sound was performed to assess the patency of the shunt and
ﬂow rates (mL/min) in the portal vein and in the right lateral
artery. For data analysis, all n = 14 pigs in the shunt group
and n = 11 pigs in the control group were used. Specimens
of the liver were taken weekly up to the third week in both
groups. The male sibling pigs also underwent an extended
left hemihepatectomy in order to measure the liver volume
being resected, the remaining liver tissue after extended left
hemihepatectomy as well as the total liver volume at the time
point of the operation.
The liver volume being resected in the pigs received an
extended hemihepatectomy either with or without H-shunt
andwasmeasuredatthetimeoftheoperationandcompared
with the liver volume being resected in the male sibling pigs
that served as blood vessel donors. The liver volume of the
remnant regeneration liver was measured at the end of the
experiment. Since the total liver volume and the remnant
liver volume at the time of surgery could not be measured
in pigs with extended liver resection, data from the male
sibling pigs were used for comparison. The liver volume was
measured by water displacement and is given in millilitres
(mL).
2.3. Light Microscopy and Evaluation of Regeneration. For
histomorphological evaluation, all liver specimens were
ﬁxed in 4% phosphate buﬀered paraformaldehyde. Liver
specimens were subsequently dehydrated and embedded in
paraﬃnw a xt op r o c e s ss e c t i o n sa tat h i c k n e s so f6μm. The
sections were conventionally stained by hematoxylin and
examined using computer-assisted brightﬁeld miscroscopy,
with 50× magniﬁcation. To evaluate the histological regen-
eration of the remnant liver, the area of the periportal ﬁelds,
the number of hepatocytes within the periportal ﬁelds, and
the number of hepatocytes per mm2 were analyzed using
Leica Quantimet 500 software. In summary, the periportal
ﬁelds were surrounded, and the area of the periportal ﬁeld
was measured in mm2. Thereafter a colorthreshold was set
in order to demarcate the nucleus of the hepatoctes. The
number of hepatocytes within the marked periportal ﬁeld
was calculated by the software system and controlled for
accuracy by the investigator. In order to measure the density
of the hepatocytes within the periportal ﬁeld, the quotient
of hepatocytes per area of the periportal ﬁeld was calculated
a n de x p r e s s e da sh e p a t o c y t e sp e rm m 2.
3. Results
3.1. Survival Rates of Animals after Extended Liver Resection.
In general, survival rates did not diﬀer between the two
groups. Three animals in the control group and two in the
shunt group developed ascites at the end of the ﬁrst week
after surgery. Nevertheless, none of the animals in either
group showed splenomegaly, congestion of the bowel, or
thrombosis of the portal system.
3.2. Blood Flow in the Portal Vein and Hepatic Artery
after Liver Regeneration. The blood ﬂow in the hepatic
artery increased slightly, but not signiﬁcant in animals after
extendedliverresectionwithoutshunt:49±8mL/minbefore
resection and 79 ± 13mL/min after resection. In the group
with H-shunt, the increase was also not signiﬁcant: 50 ±
8mL/min before resection and 55 ± 8mL/min postopera-
tively.
However, in animals with H-shunt the portal blood ﬂow
decreased signiﬁcantly: 1203 ± 187mL/min before resection
and 370 ± 32mL/min after resection (P<. 005). In the
animals without shunt, the portal blood ﬂow was not altered
(717 ± 155mL/min before resection and 534 ± 61mL/min
after resection, not signiﬁcantly diﬀerent).
3.3. Macroscopic Liver Regeneration. After resection of 75%
of the liver volume, the regeneration rate of the right lateral
segment and segment I—deﬁned as remnant liver volume
at follow-up/remnant liver volume after surgery—was not
signiﬁcantly diﬀerent between the two groups (Table 1).
3.4. Histopathological Analysis of Liver Regeneration
3.4.1. Size of Portal Fields (Figure 1). The size of the portal
ﬁeldsincreasedsigniﬁcantlyafterextendedliverregeneration
inbothgroupsundergoingsurgerywithorwithoutportosys-
temic shunt. The size of the portal ﬁelds increased about 3-
fold within 3 weeks regardless of the operation procedure.
The correlation analysis revealed a highly signiﬁcant corre-
lation with a coeﬃcient of r2 of 0.992 and 0.974 for animals
resected with and without portosystemic shunt, respectively,
(portal; ﬁeld [mm2]; animals with shunt before resection:HPB Surgery 3
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Figure 1: The areal increase of the pre-existing portal ﬁelds is expressed in Figure 1 in animals operated without (Figures 1(a) and 1(c))a n d
with portosystemic H-shunt (Figures 1(b) and 1(d)). The areal increase of the portal ﬁelds is shown in relation to the postoperative time
(weeks) and is expressed as mean ± SEM in Figures 1(a) and 1(b) and as correlation coeﬃcient in Figures 1(c) and 1(d). The areal increase
of the portal ﬁelds was highly signiﬁcant after the ﬁrst week (P<. 001) .
Table 1: Regeneration of liver volume (liver volume at follow
up/remnant liver volume after surgery).
With shunt Without shunt
1st postoperative week 2.2 ±0.13 .0 ±0.7
3rd postoperative week 6.5 ±0.55 .8 ±0.8
1±0.4; 1 week after resection: 1.8±0.9∗; 3 weeks: 2.9±1.3∗,
∗P<. 05; animals without shunt before resection: 1.1±0.3; 1
week afterresection 1.8±0.7∗; 3 weeks: 2.9±1.7∗, ∗P<. 05).
3.4.2. Hepatocytes in Portal Fields (Figure 2). The number of
hepatocytes within the portal ﬁelds increased signiﬁcantly
over time, at approximately 2.6 fold within 3 weeks, regard-
less of the operation procedure with or without portosys-
temic shunt. The correlation coeﬃcient was in both groups
high, measuring r2 = 0.935 and r2 = 0.909 in pigs resected
withorwithoutshunt,respectively,(hepatocytes/portalﬁeld,
animalswithshuntbeforeresection:3438±1281;1weekafter
resection: 5831 ± 3419∗; 3 weeks: 8793 ± 3690∗, ∗P<. 05;
animals without shunt before resection: 3053±1096; 1 week
after resection: 4580 ± 2007∗; 3 weeks: 8014 ± 4809∗, ∗P<
.05).
3.4.3. Hepatocytes per Area (Figure 3). Interestingly, the
number of hepatozytes per mm2 remained very consistent
over the time after liver resection and was not diﬀerent
between the groups resected with or without portosystemic
shunt (hepatocytes per mm2, animals with shunt before
resection: 3195 ± 36; 1 week after resection: 3145 ± 38; 3
weeks: 2999 ± 46; animals without shunt before resection:
2863 ± 88; 1 week after resection: 2625 ± 118; 3 weeks:
2676 ±83, not signiﬁcant).
4. Discussion
The ability of the adult liver to restore its function and mass
after injury or extended resection is unique. Nevertheless,
hepatic failure can closely be associated with impaired liver4 HPB Surgery
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Figure 2: The increase of hepatocytes in the pre-existing portal ﬁelds is expressed in Figure 2 in animals operated without (Figures 2(a) and
2(c)) and with portosystemic H-shunt (Figures 2(b) and 2(d)). The increase of hepatocytes is shown in relation to the postoperative time
(weeks) and is expressed as mean ± SEM in Figures 2(a) and 2(b) and as correlation coeﬃcient in Figures 2(c) and 2(d). The increase of
hepatocytes in the portal ﬁelds was highly signiﬁcant after the ﬁrst week (P<. 001).
regeneration, caused by the damage of hepatic sinusoids
resulting from excessive blood ﬂow and transient portal
hyperperfusion [2–4]. The critically sized graft with a calcu-
lated liver weight of less than 20% might be functionally ade-
quate if we could protect it from portal ﬂow-related injuries
by maintaining intrasinusoidal hemodynamics within a
“physiological” range that would not harm Kupﬀer cells or
the endothelial lining cells [5]. Partial diversion of portal
ﬂow to the systemic circulation through a portocaval shunt
might therefore be a reasonable approach in reducing the
risk of these injuries occurring. A portocaval interposition
graft or H-shunt between portal vein and infrahepatic vena
cava in our animal model was performed to reduce portal
ﬂow through the reduced vascular network of the liver
remnant after resection and to avoid portal hypertension
and irreversible injuries. The interposition graft permits a
reducedhepatopedalﬂowandallowsthepassageofnecessary
regeneration factors from the intestinal tract, promoting
hepatic proliferation in the remnant liver. Finally, when liver
regeneration is completed, the shunt can be easily occluded
by interventional radiological embolization. Nevertheless,
extended hepatic resection with or without shunt in our
animal study did not reveal signiﬁcant diﬀerences between
the two groups, indicating comparable liver regeneration.
Additionally, Man et al. [2] suggest that transient portal
hypertension and excessive hepatic blood ﬂow are found
in the ﬁrst 30 minutes after reperfusion of the small-for-
size liver graft in a rat model, and, although the portal
hemodynamic changes are transient, the small-for-size graft
injury is continuous and progressive, suggesting that irre-
versible sinusoidal damages occurred in the early phase after
reperfusion.
Whether regeneration represents simple hyperplasia of
various liver elements or requires hypertrophy and recapit-
ulation of the developing genetic liver program is as yet
unknown [6]. In addition, a dramatic change in the portal
blood ﬂow is an organ-speciﬁc characteristic inducing a
rapid modiﬁcation in liver volume. Microscopic analysis of
the liver at diﬀerent time intervals after extended hepatic
resection represents the most complete data set to date forHPB Surgery 5
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Figure 3: The density of hepatocytes per mm2 is expressed in Figure 3 in animals operated without (Figures 3(a) and 3(c))a n dw i t h
portosystemic H-shunt (Figures 3(b) and 3(d)). The density of hepatocytes is shown in relation to the postoperative time (weeks) and is
expressed as mean ± SEM in Figures 3(a) and 3(b) and as correlation coeﬃcient in Figures 3(c) and 3(d).
examining hyperplasia/hypertrophy during regeneration of
portal ﬁelds.
Very little is known or has been published on histomor-
phological liver regeneration of a mammalian liver similar
in morphology and size to the human liver. We studied
a large animal model comparable to humans [7–9] that
oﬀers information more relevant to human biology than
the commonly employed mouse and rat models. In order
to investigate the association between liver regeneration
and changes in the size of portal ﬁelds, hepatocytes per
portal ﬁeld as well as density of the hepatocytes, we applied
histological analysis supported by a powerful computational
analysis at diﬀerent time intervals and up to 3 weeks after
extended liver resection. Additionally, liver regeneration was
analyzed histomorphologically in animals resected with and
without portosystemic shunt. The pig model of extended
liver resection with and without portosystemic shunt was
already discussed and published by our group in 2006
[10]. This procedure was performed to induce compen-
satory hyperplasia/hypertrophy, characterized by prolifera-
tion of normal quiescent hepatocytes [11, 12]. Based on
observations made concerning small-sized liver transplant
recipients and patients with massive liver resection, hepatic
decompression was performed in a separate experimental
group by H-shunt between portal- and caval vein as an
additional procedure to enhance liver regeneration [13, 14].
This approach was based on the hypothesis that abrogation
of increased portal pressure and shear stress following
liver resection would prevent continuous liver damage and
promote regeneration.
The liver receives its dual blood supply from the portal
vein (approximately 80%) and the hepatic artery (approxi-
mately 20%), and blood ﬂow from the two vessels follows a
diﬀerent pattern intrahepatically, though both vessels share
the common draining vessel of a terminal hepatic venule in
the centre of the portal ﬁeld [15–20]. A decrease in portal
venous ﬂow is compensated for by an increase in hepatic
arterialﬂow,theso-calledhepaticarterybuﬀerresponse,ﬁrst
described by Lautt et al. in the 1980s [21, 22]. We observed a
signiﬁcant decrease of portal blood ﬂow in the shunt group
but not in the group without shunt, and in both groups the
increase in the hepatic artery ﬂow was not signiﬁcant.
Nevertheless, we did not observe clinically evident liver
damage nor a signiﬁcant inﬂuence on liver regeneration
betweenthetwogroupsandthusconcludedthatashuntafter
75% hepatectomy does not inﬂuence portal hypertension6 HPB Surgery
a n dr e g e n e r a t i o ni np i g s[ 10]. Wege et al. (2007) described
mitotic activity and telomerase activation, correlated with
mitotichepatocytes,whichwassigniﬁcantlyincreasedinpigs
after 70%–80% liver resection or liver resection and TIPS
alone. However, no signiﬁcant diﬀerences were observed
between the two resection groups [9]. It is known that
quiescent hepatocytes become proliferative and restore liver
functional capacity as well as liver mass in cases of tissue
resection. Portosystemic shunt in a small-sized liver remnant
is supposed to diminish the damage caused by portal
hyperperfusion of a small liver remnant. However, we
found that, after 70%–80% of liver resection in pigs, the
amount of metabolic work needed to meet the functional
requirements of the animals was reached. Damage by portal
hyperperfusion was not pronounced and not signiﬁcant.
Other authors have described [23] that hepatocytes
divide once or twice and then return to quiescence during
liver regeneration after 70% hepatectomy. Although we
did not focus on the replication of hepatocytes, we did
observe that the increase of hepatocytes per portal ﬁeld
after resection did slow slightly. The increase, however, was
always signiﬁcant immediately following resection to three
weeks later. Nevertheless, the amount of hepatocytes per area
(mm2) showed no change in both groups. Similar ﬁndings
have been previously observed by intravital microscopy of
morphological features in regenerating rat livers [20].
Despite diﬀerent hemodynamics, the histological process
of hepatic regeneration (following 75% of liver resection) in
both study groups was very similar. Nevertheless, due to a
sudden reduction in hepatic volume, hepatic hemodynamic
c h a n g e si nb o t hg r o u p sw e r ed r a m a t i c ,w h i c hm a yh a v e
contributed to a rapid activation of liver proliferation.
Another factor that probably aﬀected hepatic regeneration
in our model was aging. Our animals were 6-to-8-week old
pigs. There is some evidence to indicate that the proliferative
response in livers of older animals seems to be attenuated
via a mechanism mediated, for example, by c-myc promoter
blocking [24].
In conclusion, after extended liver resection, restoration
of liver volume can be accomplished by an extensive and
signiﬁcant hyperplasia of hepatocytes within the pre-existing
portal ﬁelds, inducing signiﬁcant hypertrophy of the portal
ﬁelds. A denovo synthesis of new portal ﬁelds seems unlikely,
since an increase in small portal ﬁelds was not observed
after liver resection. However, the hypertrophy of the portal
ﬁelds means a longer distance for oxygen diﬀusion within
the portal ﬁelds. No diﬀerence in histomorphological liver
regeneration was observed after extended liver resection in
animals that underwent surgery with or without portosys-
temic shunt.
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